Succinyl-coenzyme A synthetase of Escherichia coli has an a2If2 subunit structure. By measuring reconstituted enzyme activity present after addition of purified a or fi subunits to cell extracts followed by refolding, we have shown that extracts contain no significant excess of either subunit species. This equivalence suggests that the expression of the respective structural genes for the subunits is coordinately controlled. The presence of cell extract does not affect the rate or extent of reassembly of the subunits, pointing to a high degree of specificity of mutual recognition by the refolding subunits. In the course of these experiments, we have detected the presence in cell extracts of a low-molecular-weight factor that specifically inactivates unfolded a or ,6 subunits or prevents their reassembly into catalytically active enzyme. Under conditions where the subunits are completely inactivated, the factor has no detectable effect on-native or refolded tetrameric enzyme, suggesting that the factor may react only with unfolded protein.
Succinyl-coenzyme A (CoA) synthetase of Escherichia coli has an a2fl2 subunit structure (2) . The smaller a subunit (molecular weight 30,000) contains the active site histidine residue that is phosphorylated in the course of catalysis (2) , together with the binding site for the substrate ATP (14) . The purified a subunit has the ability to catalyze its own phosphorylation by ATP, a step in the overall reaction (14) . The larger ,B subunit (molecular weight 39,000) is believed to interact with the other substrates, succinate (14) and CoA (6) , suggesting that the complete active site may be assembled at the region of contact between the two polypeptides. (For further review, see reference 3.)
A previous communication from this laboratory (13) described methods for the isolation of the individual a and ,8 subunits and their recombination into active enzyme. This technology now allows us to approach several interesting biological and enzymological problems conceming this enzyme. Among them is the subject of this paper, the question of whether either of the subunits are produced in excess in growing cells. Data reported herein clearly show that cell extracts contain no detectable excess quantities of either of the free subunits. We also report experiments showing that cell extracts contain a substance that either inactivates free a or /3 subunits or prevents their association to form catalytically active enzyme.
MATERIALS AND METHODS
Bacterial strain, medium, and growth conditions. Cultures of E. coli (Crooks strain) were grown on a phosphate-buffered, succinate-based medium described by Ramaley et al. (15) . The bacteria were grown in 300-liter batches at 370C in a Chemap 450-liter fermentor under full aeration and vigorous agitation (frothing was controlled with the addition of Dow Corning Antifoam B emulsion). Normally, cells were harvested when they had reached the stationary phase in a Cepa continuous-flow centrifuge cooled to 50C. Yields were in the order of 2 to 2.5 kg (wet weight). The final cell paste was suspended (1:1 volume to weight) in a solution consisting of 0.1 M potassium phosphate, 0.1 M KCI, 0.1 M Na2 succinate, 0.1 mM EDTA, and 0.1 M Tris (pH 7.4) ("sonication buffer"). The resultant cell suspension was frozen and stored at -200C.
Preparation of cell extract. Unless otherwise stated, a given weight of the frozen cell suspension was thawed in a corresponding volume of sonication buffer. The bacterial cells were disrupted ultrasonically in a Biosonik IV (Bronwill VWR Scientific) with short pulses carried out in an ice-water bath with continuous stirring. The cell debris was removed by centrifugation (20,000 x g, 30 min, 50C), and the resultant supematant was used without further purification. If boiled cell extract was required, a small volume of the cell extract was transferred to a centrifuge tube which was then loosely stoppered and placed in a boiling water bath for the desired length of time. Coagulated material was subsequently removed by centrifugation (20,000 x g, 30 min, 5°C) after cooling the tubes in ice water. The supernatant (the boiled cell extract) was 232 WOLODKO, BROWNIE, AND BRIDGER used without further purification. In those experiments determining the amount of succinyl-CoA synthetase and subunit-inactivating factor produced as a function of growth phase, for each sample, an equal wet weight of cells was suspended in 10 (8) . Dissociation of succinyl-CoA synthetase into its subunits by treatment with an acidic urea solution and the subsequent isolation of the individual subunits by gel filtration were carried out as described previously (13) . The subunits were stored at 4°C in a solution containing 6 M urea, 5% acetic acid, 0.5 mM dithiothreitol, and 0.1 mM EDTA (13 , and a portion of the material being tested were mixed together and incubated at 21°C for a desired length of time (180 min in the chromatographic experiments) before the addition of 5 pl of solution of the opposite subunit and completion of the remainder of the standard refolding procedure. Test for reversibility of factor effect. In the refolding solution series of experiments, stock a or ,B was incubated for 180 min, as described above, with a solution containing the factor which had been partially purified by gel exclusion chromatography and concentrated by lyophilization. After this incubation period, the standard refolding procedure was carried out. A portion of the refolded mixture was loaded into Lucite microdialysis cells (capacity 50 pl) fitted with a semipermeable membrane (Spectrapor 1, Spectrum Medical Industries, Inc.; molecular weight cut-off, 6,000 to 8,000). These were set to dialyze individually against approximately 3 ml of freshly prepared refolding solution at 4°C (the reservoir solution was changed twice over 6 days). The remainder of the refolded mixture was stored sealed at 4°C. The control experiments were carried out in an identical manner except that the refolded mixture was assayed immediately for any reconstituted succinyl-CoA synthetase activity.
In the acid/urea solution series of experiments, stock a or ,B was incubated with the factor as described above, but this mixture was not carried through the refolding procedure. Instead, it was loaded into the microdialysis cells and set to dialyze against approximately 5 ml of the acidic urea solution at 4°C (the reservoir solution was changed twice over 6 days).
After dialysis, a 25-pl volume of the dialysate was neutralized with 40 pl of 1 M Tris-hydrochloride (pH 8.7), and the resulting mixture was then carried through the refolding protocol. The control experiments for this series were identical with those set to dialyze except that the samples were refolded immediately after the incubation step and subsequently assayed for any reconstituted succinyl-CoA synthetase activity.
RESULTS Cell extracts contain no free subunits. An earlier report from this laboratory (13) indicated that the isolated a and f8 subunits could be reconstituted to form active enzyme. This refolding procedure involves neutralization and dilution of the 6 M urea-5% acetic acid solvent in which the subunits are separated and stored, together with brief incubation with the substrate ATP to promote correct refolding. Our previous report indicated that as much as 60% of the original activity could be recovered by refolding of the subunits; we now routinely achieve approximately 100% of the native activity by working with freshly prepared subunits and with the SUBUNITS OF SUCCINYL-CoA SYNTHETASE 233 optimal conditions for refolding described herein.
This technology provides for a direct test for the possibility that extracts of E. coli contain excess uncomplexed a or ,B subunits. If this were so, addition of the complementary subunit, followed by refolding, should result in an increase in the enzyme activity over that present in the extract. Two such experiments are described in Table 1 . Here it may be seen that the presence of excess a or /B subunit does not enhance the recoverable activity after refolding of a cell extract. As controls, we show that neither subunit shows any activity alone, that activity is recovered when an equimolar mixture of the two are refolded, and that the latter activity is nicely additive with the activity recoverable in the extract. These data therefore clearly indicate that neither free subunit is present in significant excess in the E. coli extract. It is of interest that these experiments also clearly establish that the presence of the cell extract during the refolding process does not affect the extent of reconstitution, since the activity recovered from mixtures of cell extract together with pure subunits equalled the sum of their individual activities. Thus, foreign proteins do not interfere with the recognition and assembly of the a and /3 subunits.
In an effort to establish the limits of sensitivity of this kind of test, experiments were performed in which known quantities of pure a or / subunits were added to the extract before refolding in the presence of excess quantities of the other subunit. These experiments are depicted in Fig.  1 , and establish that the sensitivity of our procedure is sufficient to detect a 10% excess of either subunit type over the basal levels of succinyl-CoA synthetase.
Factor that inactivates free subunits or prevents reassembly. During the course of the previous control experiments, we were intrigued by the accidental observation that the potential activity of free subunits seemed to decline if they were exposed to cell extract for a short period of time. This was explored more fully in an experiment depicted in Fig. 2 (5, 7), and since excess a or , subunits could represent potential substrates for such a protease, we next investigated the sensitivity of the factor to thermal inactivation. To our surprise, we found that the supernatant fraction from a portion of cell extract that had been heated at 1000C for 15 min had equal ability to preclude recoverable activity (Fig. 3) . Note that the heat treatment inactivated succinyl-CoA synthetase in the extract. The factor was therefore heat stable. Other observations that are not consistent with the involvement of a protease include failure to demonstrate any change in the homogeneity or mobility of the subunits on SDS-gels after their exposure to the factor, and size characterization of the factor by gel filtration (see below).
Estimation of the molecular size of the factor was made by gel filtration. From the data of Fig.   4 we estimate that the factor has a molecular weight near 2,000, eluting from the Sephadex G- The measured reconstituted activity is plotted against fraction number; therefore the peak in activity of the factor appears as a trough on this profile and others like it (Fig. 5) . (C) Elution profile of a solution prepared by dissolving 10 mg of /3-chain of insulin (Sigma; molecular weight 3,300) in I ml of sonication buffer plus 2 !l of2-mercaptoethanol. 25 column just after the fl-chain of insulin. This size estimate is consistent with the fact that the factor is permeable to low-porosity dialysis membrane (Spectrapor 1, nominal cut-off range, 6,000 to 8,000 molecular weight).
Although proteolytic attack of the subunits seems to be ruled out, the factor-induced inactivation is irreversible. The data of Table 2 show that dialysis of a previously incubated mixture does not restore potential activity to factor-inactivated subunits. This is also true when the dialysis is carried out against acid-urea (denaturing) solution, indicating that the lack of reversibility cannot be simply attributable to incorrect folding or assembly.
Since the foregoing results could be interpreted in terms of a possible role for the factor in protein turnover, we have studied the activity of the factor in cells whose degradative capacity is known to be impaired. For example, since ppGpp is known to activate degradation in E. coli, we determined the factor activity present in extracts of CP79 (reUA) and its otherwise isogenic counterpart, CP78. These strains contained approximately equivalent amounts of the factor (both less than that produced by Crooks). Also comparable to the CP78 content was that of a deg strain having impaired ability to degrade aberrant or prematurely terminated fragments of /3-galactosidase (5). Lack of direct involvement of ppGpp in factor production is supported by the data of Table 3 , in which it is shown that there is no increase in the measured content of factor in E. coli (Crooks strain) as they enter stationary phase under conditions similar to those that produce a burst of ppGpp content (H. J. Vogel and W. A. Bridger, unpublished data).
Finally, we explored the possibility that the factor might be an artifact, produced during the sonic disruption of the cells. Three other methods of cell disruption (lysozyme treatment/ a Bacterial celUs (E. coli, Crooks strain) were harvested at the mid-log, late-log, and stationary phases of their growth curve. Extracts were prepared, fractionated, and tested as described in the text. The elution and activity profiles were similar to that shown in Fig. 5d . b Areas under the succinyl-CoA synthetase (SCS) and factor peaks were estimated by rectilinear approximation and are given in arbitrary units.
'It is being assumed that the amount of succinylCoA synthetase present in each cell is the same for each phase and, therefore, can be used as an internal standard reflecting the degree of disruption of the cells.
freeze-thaw, grinding, French press) were exploited, and the results (Fig. 5) show no significant differences in either the quantity of factor elaborated or in its elution profile on Sephadex G-150. It should also be noted that the refolded activities shown in Fig. 5 have been corrected for inherent succinyl-CoA synthetase activity in the extracts, and that the corrected values indicate no apparent net loss in recovered activity through fractions containing high-molecularweight material. Thus, cellular proteases have no effect on the free a or ,B subunits under our conditions. DISCUSSION The data of Fig. 1 and Table 1 provide clear evidence that extracts of E. coli (Crooks strain) contain no significant amount of free or excess a or /3 subunits of succinyl-CoA synthetase. This result is in harmony with previous studies of the equivalent in vivo production of dissimilar subunits of tryptophan synthetase, a system that has been extensively characterized from a genetic point of view (11, 12, 17) (16) and then subjected to a series offreeze-thaw cycles (the lysed cells were treated with DNase and RNase to degrade the nucleic acids that were released); (c) by grinding a cell suspension with fine glass beads in a cold mortar with a pestle at 4°C continuously for 12 min; and (d) by passing a ceU suspension four times through a cold French press set at 16 x 103 lb/in2. In each case, 5 ml of the cell extract was subjected to fractionation by gel exclusion chromatography on a column (2.5 by 30 cm) of Sephadex G-150 eluted at 4°C with 0.1 M N-ethylmorpholine-acetate (pH 7.3). Fractions were assayed for the presence offactor and succinyl-CoA synthetase as described in the text. The closed symbols (0) indicate the activity of the enzyme in each extract, whereas the open symbols (0) indicate the presence of the factor as assayed by enzyme activity recoverable after exposure offree subunits to portions of the fractions.
tural genes, yet does not exclude the possibility that selective degradation of excess quantities of either subunit may contribute to their equimolar production.
The latter consideration raises the question of the possible physiological significance of the factor that appears to selectively inactivate free a or,B subunits. The chemical nature of the factor remains obscure. Our data rule out a proteasethe factor is of low molecular weight and is heat stable. In other reports on in vivo degradation of aberrant proteins (see reference 7) , it has been proposed that proteins targeted for selective degradation are first enclosed, by an ATP-dependent process, in organelles having a morphological resemblance to lysosomes. Thus, it is conceivable that the factor represents a cellular component that attaches to loosely folded proteins in an early stage of this degradative pathway. We hope to purify sufficient quantities of the factor to allow more precise chemical characterization and to permit a more complete study of the range of proteins with which it combines.
Finally, we wish to draw attention to the impressive fact that our data (e.g., proteins that they must encounter. It is therefore reasonable to conclude that the in vivo assembly of the enzyme involves similar recognition and interaction between the subunits after their individual synthesis.
